Background. Detailed knowledge on protein repertoire of a pathogen during host infection is needed for both developing a better understanding of the pathogenesis and defining potential therapeutic targets. Such data, however, have been missing for Staphylococcus aureus, a major human pathogen.
Staphylococcus aureus is a leading cause of hospitaland community-acquired infections [1] . It is a versatile pathogen capable of causing a wide spectrum of diseases ranging from minor skin infections to life-threatening diseases, such as endocarditis, osteomyelitis, and sepsis [2] . This versatility is enabled by a large arsenal of virulence factors encoded on the genome [3] . Surfaceassociated proteins are important virulence factors as they are involved in multiple processes of bacterial pathogenesis, such as mediating adhesion to host cells or sequestering nutrients in nutrient-limiting host environments [4] . Moreover, because of their extracellular localization, surface-associated proteins are attractive targets for both small-molecule antibiotics and largemolecule antibody-based therapeutics. The major classes of surface-associated proteins of S. aureus are sortase-anchored proteins [5, 6] and lipoproteins [7, 8] . To date, the contribution of sortase-anchored proteins to the S. aureus pathogenesis has been extensively studied [9, 10] . In contrast, except for their role as ligands for the mammalian Toll-like receptor 2 [11] , the significance of individual lipoproteins for infection has not been well characterized.
Several transcriptional analyses have provided insights into how S. aureus regulates the expression of virulence factors under different environmental conditions [12, 13] . However, these data cannot be extrapolated to a complete understanding of the proteome during host infection because protein production can be regulated post-translationally. Detailed knowledge on the protein repertoire of a pathogen during infection is critical not only for elucidating the pathogenesis but also for defining therapeutic targets. Such data, however, are available only for a few human pathogens and comprehensive proteomics study of S. aureus during host infection has not been performed to date [14, 15] . A major challenge in studying the proteome of S. aureus within an intact host has been the recovery of a sufficient number of bacterial cells from infected organs [16, 17] . To circumvent this, alternative approaches have been employed. They include analysing the antibody repertoire of infected subjects to identify antigens produced by S. aureus during host infection [18, 19] , or conducting proteomic analysis under in vitro conditions that were thought to mimic the in vivo environment such as low iron concentration [20] . Each approach, however, has limitations. The first approach is only able to detect a subset of proteins that are highly immunogenic during infection, whereas the second approach does not recapitulate the complexity of an in vivo environment.
Here we report the first characterization of the S. aureus proteome derived directly from infection of an intact animal. We characterized the surface proteome of the methicillin-resistant s. aureus (MRSA) USA300 strain, the most prevalent MRSA strain causing community-acquired infections in the United States [21, 22] , using a murine systemic infection model. Our data contribute to a better understanding of the pathogenesis of MRSA and help in defining potential therapeutic targets.
MATERIALS AND METHODS

Ethics Statement
All procedures involving mice were compliant with the ILAR guidelines and were approved by the IACUC at Genentech, Inc.
Proteomic Analysis of MRSA in Vitro and in Vivo
The USA300_0114 (NRS384) strain (obtained from NARSA) was grown in 4 mL of tryptic soy broth (TSB) media (SigmaAldrich) overnight, then diluted 1:50 into 50 mL of TSB media in a 250 mL nonbaffled Erlenmeyer flask. Bacteria were grown at 37°C with shaking (170-230 rpm) and harvested at an OD 600 of 0.4. Cells were washed and resuspended in sterile phosphate-buffered saline (PBS) to a concentration of 5 × 10 8 colony-forming units (CFU)/mL. In total, 5 × 10 7 CFU of bacteria were inoculated into 12 week-old female C57BL/6 mice (The Jackson Laboratory) via tail-vein injection. Six days postinfection, mice were killed and kidneys were removed and homogenized in ice-cold PBS containing 0.05% Triton-X. After differential centrifugation at 4°C, pellets containing bacterial cells were washed and resuspended in ice-cold PBS containing 0.5% BSA and 200 µg/mL of human immunoglobulin G (IgG; Jackson ImmunoResearch). In total, 100 µg/mL of biotinylated anti-S. aureus antibody (Abcam) was added to the reaction mixture and incubated on ice for 10 minutes. After washing, streptavidin microbeads (Miltenyl Biotech) were added (75 µL/ mL reaction mixture) and incubated on ice for 20 minutes. Bacteria were separated from kidney debris using an autoMACS Pro Separator (Miltenyl Biotech) using ice-cold buffer and cooling tube racks in order to maintain sample integrity. For in vitro proteomics study, bacteria were grown either in nutrientrestricted Roswell Park Memorial Institute (RPMI) media (RPMI 1640, Sigma-Aldrich) or nutrient-rich TSB media to an OD 600 of 0.4 or 4.0, washed and resuspended in PBS. Samples enriched for S. aureus surface-associated proteins were prepared by incubating bacteria in PBS containing 30% sucrose and 10 µg/mL lysostaphin for 30 minutes at 37°C. After centrifugation, supernatant was collected and proteins were concentrated by methanol/chloroform precipitation. Details on sample processing, LC-MS/MS, database search, and protein identification are provided in the Supplementary Materials and Methods.
Human Serum ELISA Reactivity Assay
Human serum samples from patients recovering from S. aureus infections were obtained from Dr Henry F. Chambers from the University of California San Francisco. Recombinant proteins were produced and purified from Escherichia coli (Genentech). All lipoproteins were produced as nonlipidated form in the cytoplasm as the endogenous signal sequence including the conserved cysteine residue was removed from the protein expression constructs. Purified proteins were diluted to 2 μg/mL in PBS and dispensed into 96-well Nunc Maxisorp plates (Nunc, Rochester, NY). The plates were coated overnight at 4°C, rinsed in PBS, and then blocked for 1-hour at room temperature with PBS containing 1% bovine serum albumin (BSA, Sigma-Aldrich). Next, each plate received 100 µL of serially diluted human serum. The initial dilution was 1/100 followed by 3-fold serial dilutions. All dilutions were performed in PBS containing 1.0% BSA and 0.05% Polysorbate 20 (SigmaAldrich). After a 1-hour incubation the plates were washed and then incubated with 100 μL of a 1:5000 dilution of horseradish peroxidase-conjugated Fc specific anti-human IgG (Jackson ImmunoResearch Laboratories) for 30 minutes at room temperature. Following the incubation the plates were washed and developed with TMB substrate (Kirkegaard and Perry Laboratories, Inc). Plates were read on a SpectraMax plate reader (Molecular Devices, Sunnyvale, CA) at OD 450 . Serum titers were determined by calculating the sample dilution at OD 450 = 1, which is within the linear range of full serum dilution curves.
Construction of Bacterial Mutants
In-frame gene deletion, gene inactivation, and gene repair were performed on SF8300, a clinical strain representative of the epidemic clone USA300-0114 [23] , using oligonucleotides listed in Supplementary Table 1 and the pKOR1 system as described elsewhere [24, 25] . Summary of constructed strains is provided in Table 1 .
Virulence Analysis of Bacterial Mutants
Bacterial mutants were grown in TSB media to an OD 600 of 0.4, washed, and resuspended in sterile PBS. 2 × 10 6 CFU of bacteria were inoculated into 7-week-old, female A/J mice (The Jackson Laboratory) via tail-vein injection. In contrast to major laboratory mouse strains such as C57BL/6 and BALB/c, A/J mice have a functional Nramp1 locus [26] . Seven days postinfection, mice were killed, and kidneys were removed and homogenized in PBS to enumerate bacterial load. For lethal challenge, 5 × 10 8 CFU of bacteria were inoculated into 7-week-old, female A/J mice (The Jackson Laboratory) via tail-vein injection, and animals were monitored for 14 days to determine the survival rate.
RESULTS AND DISCUSSION
Proteomic Analysis of MRSA Derived Directly From a Murine Systemic Infection
We have established a protocol to rapidly and efficiently define surface proteome of S. aureus recovered directly from infected tissues. First, we chose an experimental animal infection model that results in high organ bacterial load. The murine systemic infection model is well established for studying S. aureus pathogenesis where robust bacterial proliferation occurs in kidneys [27] . In the first 48 hours of infection a steady increase in kidney bacterial load occurs before reaching a maximum of about 10 8 CFU/pair of kidneys, which is maintained for at least 1 week postinfection (data not shown). We harvested kidneys 6 days postinfection in order to study the surface proteome of MRSA in an established infection. Second, we employed immunomagnetic cell sorting using S. aureus-specific antibodies in order to achieve sufficient enrichment of MRSA cells over a vast excess of kidney debris. On average, we recovered 5 × 10 7 CFU of bacteria from kidneys of 5 mice (data not shown).
Samples enriched in surface-associated proteins were prepared by treating whole bacteria with lysostaphin [28] . Mass spectrometry analysis identified 342 S. aureus proteins, among which 57 were predicted to contain signal sequences (Supplementary Table 2 ). Presence of high number of cytoplasmic proteins in cell wall preparation has also been observed in several other proteomics studies on cell surface proteins of S. aureus that were recovered from liquid cultures in vitro [20, 29, 30] . Although potential mechanisms for translocating proteins without signal sequence to the cell surface might exist, the presence of cytoplasmic proteins on the cell surface might be a simple consequence of autolysis or cell lysis during sample preparation.
MRSA Surface Proteome During Infection Is Dominated by Proteins Involved in Nutrient Uptake
Among the proteins with predicted signal sequence, lipoproteins were the most abundant class of proteins followed by sortase-anchored proteins (45.5% and 32.3% of total number of identified peptides, respectively; Figure 1 , Supplementary Table 2 ). The remaining surface proteome was composed of secreted proteins, many of which are cytolytic toxins like hemolysin or leukotoxin, and integral membrane proteins such as MecA that confers resistance to β-lactam antibiotics in MRSA strains ( Figure 1 , Supplementary Table 2) . One of the key factors that distinguishes host environments from the standard laboratory growth conditions is nutrient limitation. For example, the concentration of free iron in tissue fluids and blood is in the range of 10 −18 M, whereas bacteria are reported to require iron at 0.4 to 4.0 mM for their survival [31, 32] . Previous transcriptome analysis of MRSA USA300 revealed that genes encoding proteins associated in iron transport are highly upregulated during incubation in human blood and serum [13] . When we grouped the 57 S. aureus surfaceassociated proteins that were produced in murine kidneys 6 days postinfection based on their functions, we found that the surface proteome of MRSA USA300 during host infection is indeed dominated by proteins involved in nutrient acquisition ( Figure 1 ). Specifically, 8 of the 10 most highly abundant surface-associated proteins, based on the number of total peptides identified [33, 34] , were annotated to be involved in nutrient uptake: Five are annotated to be involved in iron uptake (IsdA [35] , IsdB [35] , IsdC [35] , SAUSA300_2136, SirA [36] ), one for manganese/zinc (MntC) [37] , and one for oligopeptides (Opp-1A) [38] (Figure 1 , Supplementary Table 1 ). SAUSA300_ 0798 is annotated to be substrate-binding protein of ATPbinding cassette (ABC) transporter and therefore likely to be involved in nutrient acquisition as well; however, its substrate specificity is unknown. In addition to the aforementioned 8 proteins, we identified five lipoproteins (SAUSA300_2235, SAUSA300_1978, ModA, SAUSA300_2351, SAUSA300_0721) that were annotated to be involved in nutrient acquisition (Supplementary Table 2 ). Previous quantitative proteomic study revealed that 8 proteins were highly induced by the MRSA COL strain under iron-limited conditions in vitro [20] . Notably, 7 of these proteins (IsdA, IsdB, IsdC, SirA, SACOL2277 corresponding to SAUSA300_2235, SACOL2167 corresponding to SAUSA300_2136, SACOL0799 corresponding to SAUSA300_ 0721), were identified in our proteomics study (Supplementary  Table 2 ).
To analyze the degree of overlap between growth in mouse kidneys and growth in vitro under nutrient limitations, we also determined the surface proteome of the MRSA USA300 strain harvested after exponential and stationary growth in RPMI, a nutrient-limiting growth media [39] . From a total of 686 proteins that were identified from bacteria harvested after stationary growth, 133 were predicted to have signal sequence (Supplementary Table 3 ). Twenty-five proteins are annotated to be involved in nutrient uptake, which include all the 13 surface-associated proteins that were produced in vivo (Supplementary Table 2 and Supplementary Table 3 ). However, a stark contrast to in vivo was the high abundance of sortase-anchored proteins involved in host cell adhesion, especially Protein A (Spa; immunoglobulin G binding protein A; Figure 1 , Supplementary Table 3 ). Based on the number of identified peptides, proteins involved in host cell adhesion made up 20%-30% of the surface proteome of S. aureus grown in nutrient-limiting media in vitro, whereas they made up only about 1% of the surface proteome of bacteria recovered from infected kidneys (Figure 1 ). By contrast, no peptide fragments of Protein A were detected in vivo (Supplementary Table 2 ). Although we cannot completely rule out the presence of Protein A in bacteria derived in vivo, as the amount of produced protein could be under the detection limit of our study, our results clearly suggest that production of Protein A can be significantly regulated during host infection.
Proteins Identified Using the Murine Infection Model Are Likely to Be Produced Under Different Host Environments
To verify whether the surface-associated proteins of S. aureus that were produced in murine kidneys are produced under different host environments, we determined the surface proteome of the USA300 MRSA strain derived from liver, where the bacterial load reached a CFU of about 10 8 at day 6 postinfection, which was comparable to that of kidneys (data not shown). We were unable to determine the surface proteome of bacteria present in the other organs and blood because the number of bacteria recovered were several orders of magnitude smaller than that recovered from the kidney or liver (data not shown). Among the 254 proteins identified from liver-derived bacteria, 24 were predicted to contain signal sequence ( Table 2 ). All these 24 surface-associated proteins were identified in kidney-derived bacteria as well, indicating that the repertoire of highly abundant S. aureus surface-associated proteins produced in the host is strikingly similar between different organs. To determine if surface-associated proteins that were highly abundant during experimental murine infection are also (Figure 2 ). IgGs could be detected for all tested proteins indicating that surface proteins produced in the murine systemic infection model are also produced during human systemic infections (Figure 2 ).
Contribution of Highly Abundant Lipoproteins to MRSA Virulence During Murine Systemic Infection
The contribution of sortase-anchored proteins such as IsdA, IsdB, and IsdC proteins to S. aureus virulence is well established. Inactivation of genes encoding IsdA, IsdB, and IsdC proteins resulted in a substantial reduction of S. aureus load in mouse kidneys after intravenous inoculation [9, 40] . By contrast, although lipoproteins represent a major class of surface-associated proteins produced during infection (Figure 1, Supplementary  Table 2 ), the significance of individual lipoproteins for infection remains to be systematically evaluated. Therefore, we investigated the contribution of 7 lipoproteins that were most highly produced during murine systemic infection to MRSA pathogenesis. MntC, Opp-1A, SAUSA300_2136, SirA, and SAUSA300_0798 are substrate-binding proteins of ABC transporters involved in nutrient acquisition. The function of SaeP is unknown, but its gene is found in the sae locus that encodes the 2-component system SaeRS, which regulates the expression of a wide variety of virulence factors [41] . PrsA with a parvulin-type peptidyl-prolyl cis-trans isomerase domain is an essential protein in B. subtilis and serves as a folding catalyst for secreted proteins [42] . We inactivated each gene by in-frame deletion and assessed the virulence of individual mutants in a murine systemic infection model. Only deletion of the mntC gene resulted in significant attenuation of virulence as evident by more than 4-log decrease in kidney bacterial load at 7 days postinfection (Figure 3 ). In contrast, deletion of the 6 other lipoprotein genes did not have an effect on MRSA virulence in this infection model (Figure 3 ).
MntABC Is an Important Virulence Factor of MRSA in a Murine Intravenous Infection Model
The mntC gene is part of the mntABC operon that encodes an ABC transporter that shares high homology with ABC transporters involved in the uptake of manganese and/or zinc from a variety of other bacterial species [37, 43] . Indeed, a previous study showed that a S. aureus mutant with a disrupted mntABC operon had lowered intracellular manganese concentration [37] . The MntABC complex is composed of an ATP-binding protein (MntA), an integral membrane transporter (MntB), and a metal binding lipoprotein (MntC; Figure 4A ). Within the 3′ end of the mntC open reading frame lies the predicted terminator of sbrC, which encodes a small noncoding RNA ( Figure 4A ) [44] . To verify that the strong attenuation of the ΔmntC strain was a direct consequence mntC gene inactivation and not due to inactivation of sbrC, we constructed a second mntC mutant (hereafter denoted as mntC stop strain), in which the mntC gene was inactivated by changing its 8th and 12th codon to a stop codon thereby leaving the sbrC gene intact (Table 1) . Again, the mntC stop strain was severely attenuated similar to the original ΔmntC strain after intravenous inoculation into mice ( Figure 4B ). The importance of the MntC protein in the virulence of MRSA during murine systemic infection was also evident in the prolonged survival of mice infected with the mntC stop strain, which showed a median survival time of 6.5 days ( Figure 4C ). In contrast, all mice infected with the wild-type strain succumbed to infection within 24 hours ( Figure 4C ). To confirm that the strong attenuation of the mntC stop strain was a direct consequence of inactivating the mntC gene and not due to a secondary mutation, we repaired the stop-codon insertion by inserting a wild-type allele of mntC by allelic replacement mutagenesis ( Table 1) . As expected, the repair of stop-codon insertion resulted in full restoration of virulence ( Figure 4B ).
To confirm that the strong attenuation of the mntC stop strain was indeed caused by the lack of a functional MntABC system, we inactivated mntA and mntB genes separately by in-frame stop codon insertion near the beginning of each gene (Table 1) . Both mntA stop and mntB stop strains showed strong attenuation similar to the mntC stop strain after intravenous inoculation in mice as evidenced by nearly complete clearance of these mutants in the kidney ( Figure 4D ). Western-blot analysis using polyclonal antibodies against MntC confirmed that the MntC protein is produced at wild-type level in these 2 bacterial mutants ( Figure 4D ). These results indicate that the MntABC system is a critical virulence factor of MRSA during murine systemic infection.
CONCLUDING REMARKS
Obtaining sufficient amount of nutrients is critical for the survival and replication of pathogens within the host, which restricts the availability of essential elements by a process termed nutritional immunity [45] . S. aureus counteracts host nutritional immunity by expressing multiple high affinity transport systems. Our proteomics analysis revealed that the major surface proteome of MRSA USA300 during host infection is indeed composed of proteins that are involved in nutrient acquisition. For instance, 5 of at least 10 distinct iron uptake systems encoded on the MRSA USA300 genome were produced during murine systemic infection based on the presence of lipoproteins that comprise part of ABC-type transport systems. Thus, the lack of attenuation of individual lipoprotein mutants with a single iron acquisition system inactivated could be due to functional redundancy of the transport systems. Functional redundancy among iron transport system makes targeting iron acquisition a challenging antimicrobial strategy because multiple transport systems will have to be inhibited simultaneously to achieve significant reduction in S. aureus growth in vivo.
In contrast to iron acquisition, manganese acquisition of S. aureus during murine intravenous infection seems to be dominated by a single pathway, MntABC, because its inactivation resulted in severe defects of S. aureus in establishing infection and killing infected mice. S. aureus encodes a second manganese uptake system, called MntH, which belongs to the Nramp family of membrane metal transporters [46] . Previous works demonstrated that S. aureus strains lacking both MntABC and MntH were attenuated in a murine skin abscess model [37] and in a murine systemic infection model [47] . Contribution of individual manganese uptake systems to S. aureus virulence has remained elusive, because mutant strains lacking MntABC or MntH individually were not attenuated in a murine skin abscess model [37] . One potential reason for the lack of attenuation of these individual mutants in the previous work is that the experiment was performed in a mouse strain with a defective Nramp1 locus, which was shown to be important to study manganese-dependent processes of pathogens in the host [48, 49] .
MntC has been defined as a potential vaccine target based on the observation that the protein is stably produced throughout infection in mice according to an immunofluorescence microscopy of infected tissues [50] . It has also been demonstrated that immunization with MntC effectively reduced the bacterial load associated with S. aureus infection in an acute murine bacteremia model [50] . Besides MntC being a vaccine target, MntABC might be a potential target for antibiotic development due to the strong attenuation of MRSA USA300 with inactivated MntABC in a murine systemic infection model as demonstrated here. Further studies are warranted to better understand the role MntABC plays in MRSA pathogenesis to determine whether MntABC is a viable target for the treatment of MRSA infections.
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